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INTRODUCTION
The giant magnetoresistance ͑GMR͒ in metallic multilayers like Co/Cu and Fe/Cr is a well-known phenomenon and generally it is accepted that the GMR effect finds its origin in different scattering rates for spin-up and spin-down electrons. 1 The relative contribution to the scattering rates from bulk and interfacial scattering processes is considered as an important problem in recent investigations. To describe interfacial current transmission several theoretical approaches have been developed and one could divide them in two main groups, one of which employs the semiclassical Boltzmann approach 2, 3 ͑BA͒ and another using a quantum approach [4] [5] [6] based on the Kubo formalism. When the size quantization across the layers can be neglected, any of the approaches mentioned above can be used to describe the transport properties in a proper way. 7 A major goal of any theoretical model for describing the GMR effect is to take into account in a most consistent way the interfacial scattering or nonideality of the interfaces, which is generally separated in two different contributions, namely geometrical roughness and electron scattering on defects and impurities located at the interfaces. In the BA this problem mainly corresponds to the formulation of proper boundary conditions for the electron distribution functions. These boundary conditions are supposed to include the properties of the interfaces.
An attempt to describe the nonideality of the interfaces in magnetic multilayer systems within the BA was made by Camley and Barnas.
2 They modeled the interfaces by two purely phenomenological spin-dependent parameters, one for coherent transmission and one for diffusive scattering. However, whether or not an electron experiences the interface as a specular plane depends crucially on its momentum and thus on the angle of incidence on the interface which was not included in the interface parameters. Thus, with the parameters in the Camley-Barnas model it is impossible to discern between the characteristics of the incident electrons and the properties of the interfaces.
Therefore, Hood and Falicov 3 made a more realistic approach. They introduced different potentials for majority and minority spins in the magnetic layers. Then coefficients for coherent transmission and specular reflection can be quantum mechanically calculated by matching free-electron-like plane-wave functions and their derivatives at each interface. Since in this microscopical approach the boundary conditions for the distribution functions depend on the electron velocity, they automatically also depend on the angle of incidence. Unfortunately their model still contains one purely phenomenological spin-dependent parameter that denotes the degree of potential scattering ͑the rest being scattered diffuse͒ and decreases with the concentration of defects and impurities located at the interfaces. The calculated GMR depends crucially on the value of this parameter.
As far as geometrical roughness is concerned, Hood, Falicov, and Penn 3 ͑HFP͒ have only considered one special case when the in-plane roughness correlation length L tends to zero. This limit however does not allow one to consider the processes of the diffusive electron scattering in a proper way since physically L is limited to the atomic size.
Recently Barnas 8 reported on a quantum-mechanical approach where the geometrical interface roughness is determined by two statistical parameters, the root mean square of the deviations from the perfectly flat interface and the in-plane correlation length L. Here, the scattering on the geometrical roughness is treated equivalent to the scattering on impurities and defects at the interface, i.e., by potential scattering.
In this paper we will describe a semiclassical model based on the BA. In fact it is an extension of the model used by HFP.
3 As in the model of Barnas 8 we will define the interface roughness with the statistical parameters and L. We will not assume however that the electrons experience the curvature of the interface as a special external potential field, but we will calculate the boundary conditions by matching the electron wave functions on the actual position of the nonideal interface. All potential scattering agents at the interface, like defects and impurities, but also the potential scattering on the bumps, are contained in a random field W(). The method used for the description of scattering at the interfaces has been proposed by Falkovsky 9 and has recently 10 been applied to study impurity scattering at a flat interface between two simple nonmagnetic metals. We have extended this method for magnetic superlattices with currentin-plane geometry. Our model does not contain any phenomenological parameter and the main advantage is that it enables one to examine the mechanism of effective scattering on roughness which arises from pure geometrical properties of the interface.
FORMULATION OF THE MODEL
Consider a trilayer consisting of two ferromagnetic layers of thickness t 1 and t 3 separated by a nonmagnetic spacer of thickness t 2 . All metals are regarded as free-electron like and the energy diagram 3 of the system under consideration is shown Fig. 1 . The Fermi energies f 1,3 depend on the spin direction. We assume spin-up to be parallel to the magnetization in layer 1. In the parallel ͑P͒ configuration the magnetizations of layers 1 and 3 will point in the same direction, in the antiparallel ͑AP͒ configuration the magnetization direction of layer 3 will be opposite to that of layer 1. Since we want to consider a superlattice the two outer surfaces of the trilayer are regarded as perfectly flat and they are assumed to reflect all incident electrons specularly. Only the interfaces 1/2 and 2/3 between metals 1,2 and 2,3, respectively, are regarded as nonideal. There are two sorts of nonideality that we will take into consideration: ͑a͒ scatterers distributed over the plane and ͑b͒ geometrical roughness.
For Another source of nonideality of the interface is geometrical roughness which is described by random deviations from a perfectly flat interface (). We assume a Gaussian distribution of with spatial correlation taken into account in the following way:
where ϭͱ͗ 2 ()͘ is the root-mean-square value of the deviations. The two-dimensional Fourier transform has the form
where បq is the in-plane momentum, L is the correlation length, which has the physical meaning of the average size of smooth parts of the interface, and ͗ ͘ means averaging over all realizations of .
CONDUCTIVITY
The general solution to the Boltzmann equation for media with a single boundary at zϭ0 parallel to the x-y plane with an applied electrical field E in the x direction has the form
repetition unit of 2t 1 /t 2 /2t 3 /t 2 . This assumption results in the following boundary conditions for the outer boundaries:
Appropriate boundary conditions for the inner interfaces will be derived in the next section. Calculating current densities with help of Eqs. ͑6͒ and ͑7͒ we arrive at the equation
where 0 is the bulk conductivity. The deviations from the bulk behavior due to interfaces are represented by ↑↑ 1 , ↑↑ 2 and ↑↑ 3 where
where
, the z component of the electron velocity on the Fermi surface in layer i, បk is the modulus of the in-plane momentum, v f i is the Fermi velocity in layer i, and i is the bulk mean free path in layer i.
Similar expressions can be obtained for the AP configuration with correspondent coefficients F i Ϯ . For both configurations we can identify Fermi energies and bulk relaxation times of electrons with their majority (M ) and minority (m) values:
To perform the final calculation in Eq. ͑9͒ one should find the coefficients F i Ϯ for both ͑P͒ and ͑AP͒ configurations making use of the boundary conditions for the distribution functions. In the next section we will derive the boundary conditions from a microscopical consideration.
BOUNDARY CONDITIONS FOR DISTRIBUTION FUNCTIONS
First we consider the wave functions for a single interface, 10 which are wave packets on the Fermi surface in metals 1 and 2:
in which the coefficients a Ͻ and a Ͼ correspond to k z ϭϪk 1,2z and k z ϭϩk 1,2z , respectively, k 1,2z ϭm 1,2 v 1,2 /ប, v ik is the z component of the electron velocity on the Fermi surface in layer i, and បk is the modulus of the in-plane momentum. The electron distribution functions are related to the coefficients a Ͻ , a Ͼ via
From the Schrödinger equation ͓Eq. ͑1͔͒ one can obtain the matching conditions for quantum-mechanical currents at the interface. 10 The matching of wave functions and currents at a nonideal, curved interface between metals 1 and 2 leads to the following equations:
͑13͒
From Eqs. ͑13͒ we first obtain 9 relations between coefficients a Ͻ , a Ͼ and, thereafter, with help of Eq. ͑12͒, the boundary conditions for electron distribution functions at the interface. After averaging these relations over all the realizations of random variables W() and () the boundary conditions take the form ͑assuming m 1 ϭm 2 ϵm):
and and
Corrections caused by effective interface scattering processes have the form
Similar boundary equations can be obtained for the interface between layers 2 and 3 where ␥(q) and ␥Ј(q), describing the properties of the second interface, may be different. Ranges of integrations in Eqs. ͑17͒ and ͑18͒ are determined by the simultaneous existence of z components of the Fermi velocities in adjacent layers. Conditions ͑16͒ have been obtained with second-order accuracy in W() and () and no mixed terms like W()() were taken into account. This means that we neglect the influence of roughness on impurity scattering and assume that these two factors act independently. The boundary conditions of Eq. ͑14͒ are integral equations which were solved in first-order approximation in scattering and roughness correlators, Eqs. ͑2͒ and ͑4͒. It appears that the integral terms in Eq. ͑14͒, when substituted into the coefficients F Ϯ in Eq. ͑9͒ do not contribute to the current unless the correlators are anisotropic. Since we suppose the correlators to be isotropic, we neglect the integral terms in Eq. ͑14͒, and the nonideality of the interfaces just results in a renormalization of the transmission and reflection coefficients and the boundary conditions take the familiar form:
with T and R given by Eqs. ͑16͒, ͑17͒, and ͑18͒. For a perfectly flat interface (ϭ0), these boundary conditions are determined only by R 0 and T 0 , and are therefore equivalent to those obtained by Hood and Falicov. 3 In this case the influence of the potential step at the interface due to different potentials in adjacent media is taken into account exactly.
From the boundary conditions Eq. ͑19͒ one can find the coefficients F Ϯ in the distribution functions of Eq. ͑5͒. For each configuration and spin direction we obtain six equations for F i Ϯ , which can be reduced to a set of four equations with the help of two periodic boundary conditions at the outer surfaces given by Eq. ͑7͒. The solution of this set of equations being substituted into the conductivity of Eq. ͑9͒ gives us the integrands which depend on R 12 and T 12 from Eqs.
͑16͒-͑18͒.
We would like to add that ranges of integration in Eq. ͑9͒ include regions of full reflection. In these regions the z component of the electron velocities in adjacent layers are equal to zero which corresponds to Rϭ1 and Tϭ0 and can result in electron channeling similar to the model of Hood and Falicov. 3 
NUMERICAL RESULTS
After the calculation of the conductivities both for the P and AP configuration one can obtain the magnetoresistance from
MRϭ1Ϫ
↑↓ ↑↑ . ͑20͒
In Fig. 2 are taken from Hood and Falicov, 3 with the values of the Fermi energies corresponding to Fe and Cr. To concentrate on the effect of geometrical roughness only, all relaxation times are taken equal (5ϫ10 Ϫ13 s) such that there is no bulk spin-dependent scattering and furthermore no impurities at the interfaces were assumed. Note that the allowed values of ␥(q) and ␥Ј(q) are restricted to small perturbations since our calculation of R and T ͓Eqs. ͑16͒, ͑17͒, and ͑18͔͒ is based on a perturbation approach. This means, for instance, that the allowed values of should be small in comparison with the z component of the electron wavelength. Therefore the maximum value of in our calculations amounts to Ϸ0.45 Å. We will return to the value of this parameter in the discussion. In the inset of Fig. 2 we have used different parameters. We will come back to this point in the discussion.
Since we did not include any bulk spin-dependent scattering nor impurities at the interfaces in the parameters of Fig.  2 , we find that MRϭ0 when the interfaces are perfectly flat, like in the model of Hood and Falicov, which is identical to our model for perfectly flat interfaces. However, as is clear from Fig. 2 , geometrical roughness ( 0 and L 0) can already produce a MR effect without any other form of spindependent scattering. The MR effect here is due to the combination of geometrical roughness and different potentials for majority and minority electrons in the magnetic layers. Geometrical roughness will induce a larger probability of diffusive scattering for those electrons that experience the larger potential difference when crossing an interface. Thus for the parameters of Fig. 2 the majority electrons will be more diffusively scattered than the minority electrons in the case of geometrical roughness. This effect eventually results in different conductivities for parallel and antiparallel configurations of the magnetization.
In Figs. 3 and 4 the dependence of MR on the thickness of the Fe and Cr layers, respectively, is shown. Since there is no contribution to the spin-dependent scattering from the bulk of the layers, both figures display a monotonous decrease of MR as a function of layer thickness as one might expect when the MR effect is caused by geometrical interface roughness.
In Fig. 5 also a large bulk contribution to the spindependent scattering is taken into account by choosing different values for the relaxation times for majority and minoriy electrons. This results in a considerable MR effect even without interface roughness. In the bulk the minority electrons are most effectively scattered as a result of the parameters that we have chosen ( m Ͻ M ). On the contrary, as stated above ͑Fig. 2͒, the interface roughness has more influence on the scattering of the majority electrons. Therefore for the parameters of Fig. 5 , an increase of the geometrical roughness decreases the scattering asymmetry between majority and minority electrons and therefore decreases the MR as well. For Lϭ10 Å and у0.25 Å, apparently the asymmetry due to roughness becomes dominant and MR increases again. Note that when we would have reversed the sign of the bulk contribution to the spin-dependent scattering ͑same potentials but
Ϫ13 s, m ϭ5796 Å͒, the introduction of roughness indeed results in an increase of MR because now both bulk and interface scattering processes possess the same asymmetry.
Finally, in Fig. 6 the influence of impurities, defects, etc. at the interface is examined. Here the MR is calculated as a function of a parameter ␣, which is given by
͑21͒
As follows from Eqs. ͑17͒ and ͑18͒ also ␥Ј will change the reflection and transmission coefficients for majority and minority electrons with a different amount. In Fig. 6 this results in a decrease of MR when there is no bulk spin-dependent scattering ͑solid line͒ as well as when bulk spin-dependent scattering is active ͑dashed line͒. In general however the effect of impurities, defects, etc. will depend on the specific choice of parameters such as potentials and relaxation times, and can also increase the MR.
DISCUSSION
As stated above the input parameters for the potential energy and relaxation times are taken from Hood and Falicov. 3 It is known however that the choice of these parameters results in a conductivity that is too large in comparison with experiments which can be seen, e.g., by the unrealistic large values for the mean free paths. To compare their results with experiments Hood and Falicov therefore introduced a scaling factor to reduce the number of conduction electrons. As we do not intend to make a quantitative comparison with experimental data, we did not include a scaling factor in our calculations. We however would like to mention that when the relaxation times are reduced to obtain more realistic values of , this also reduces the MR effect with an order of magnitude.
Furthermore the Fermi velocity of the conduction electrons is in our model calculated on the basis of the freeelectron model. This is another reason why the values in our calculations should not be taken as exact numbers. Our results therefore merely represent trends in how the MR effect depends on the various input parameters and in particular on the geometrical roughness.
Let us now concentrate on the dependence of MR on and L again. From Fig. 2 it is clear that geometrical roughness, which is in principle spin independent as we have chosen and L to be spin independent, effectively leads to spin-dependent scattering which is induced by the different potentials for majority and minority electrons in the magnetic layers. The same result, although not shown in Fig. 2 , holds for scattering at impurities and defects located at the interface and described by ␥Ј. As a result we cannot distinguish a spin-dependent interface mechanism from a spinindependent one. According to our model, when there is no bulk spindependent scattering ͑all equal͒, there is only a MR effect when both 0 and L 0. Also from Figs. 2, 3, and 4 we can see that an increase in or L both seems to result in an increase of MR in the absence of bulk spin-dependent scattering. These results appear to be at variance with Hood and Falicov who find a significant MR already for zero correlation length (Lϭ0, 0). Moreover Barnas, 8 who also describes interface roughness with the parameters and L reports a decrease of MR with increasing L which physically seems realistic as an infinite L would correspond to a flat interface. This discrepancy can be understood however from the correlation function ␥(q), Eq. ͑4͒.
From Eq. ͑4͒ we can see that ␥ϭ0 when either ϭ0 or Lϭ0, which explains the difference with Hood and Falicov. Equation ͑3͒ however has an uncertainty in the point ϭ0, Lϭ0 and therefore is not suitable to describe fully uncorrelated roughness (Lϭ0). For this special case one should use a white-noise-type autocorrelation function 11 ͓like ␥Ј() in Eq. ͑2͒ used for potential scattering͔:
in which the value of a is of the order of the lattice constant. When Eq. ͑22͒ is substituted into Eq. ͑18͒, our correction ⌬R for the limiting case of an outer surface ͑which means v 2 ϭ0), is given by exp ͓Ϫ(c 2 cos 2 )/ 2 ͔, expanded to the first order in 2 , where c is a numerical constant, represents the angle of incidence, and is the electron wavelength. The exponent mentioned above is the result obtained by Soffer 12 for a surface with fully uncorrelated roughness. This means that we have extended the result of Soffer for the case of a rough interface. Barnas 8 has chosen a different correlation function to describe the interface roughness, viz.,
.
͑23͒
This correlation function decreases monotonically as a function of L and is thus maximal for Lϭ0, in contrast with our correlation function ͓Eq. ͑4͔͒ that shows a maximum as a function of L. Although we were not able to show this for the parameters in Fig. 2 because of the limitations imposed by the perturbation approach, the inset in Fig. 2 , where we have chosen different parameters belonging to an Fe/Cu multilayer, shows that this maximum in the correlation function results in a maximum in the MR effect. Thus for large values of L our model behaves identically to the model of Barnas. 8 Another difference with the model of Barnas is that we do not imply that roughness scatters electrons in the same way as impurities do ͑i.e., by potential scattering͒, but obtain the boundary conditions from matching electron wave functions at the interfaces ͑i.e., a pure geometrical approach͒. As a result, we deduce the effective scattering amplitudes from our geometrical approach instead of introducing them from the beginning.
From an experimental point of view one cannot easily decide which approach is better. To start with, it is difficult to discern between interface spin-dependent scattering and bulk spin-dependent scattering. One of the difficulties is for instance that bulk and interface scattering cannot easily be isolated because a thick bulk layer will always be limited by interfaces, although a number of experimental studies have made it clear that the scattering at the interface between a magnetic and a nonmagnetic layer may be spin dependent. 13, 14 Furthermore, the role of interface roughness is still not clarified, mainly because it is difficult to vary the interface roughness in a controlled way and quantify it thereafter. Besides, changing, for instance, the growth conditions will surely influence the interfaces 15 but might also affect the scattering processes in the bulk of the layers and hence complicate the interpretation of the measurements. It might therefore not be surprising that the conclusions drawn from a number of experiments seem to be contradictory. As an example, for the Fe/Cr system a decreasing MR with increasing interface roughness is reported, 16 as well as an increasing MR with increasing roughness, 17 and the existence of an optimum roughness. 18 Recently Beliën et al. 19 have performed a detailed investigation of the relation between interface roughness and giant magnetoresistance in polycrystalline Fe/Cr superlattices grown by molecular-beam epitaxy. In these superlattices the resistivity is mainly determined by interface roughness instead of bulk scattering. The interface quality was changed by varying the growth temperature between 0 and 400°C and by the use of a Cr seed layer. It is concluded in this study that compositional mixing or interdiffusion decreases the magnetoresistance. It is however suggested that a small amount of steps at the interface can enhance the magnetoresistance which would be in agreement with our finding of an optimal value for the correlation length L.
CONCLUSIONS
We have solved the Boltzmann transport equation for magnetic superlattices with current-in-plane geometry. The boundary conditions for the electron distribution functions, needed to calculate the conductivity, were obtained by matching electron wave functions at the actual position of the rough interfaces. Geometrical roughness was described by two parameters, the root mean square of the deviations from the perfectly flat interface, , and the in-plane correlation length, L. Other potential scattering agents at the interface were described by a random field W(). Although not intrinsically spin dependent, both kinds of interface nonideality (,L and W) can result in effective spin-dependent scattering due to the spin-dependent potentials in the magnetic layers. It appears that all parameters can lead to an increase or decrease of the MR effect, depending on the values of the other parameters and the presence of bulk spindependent scattering.
